This study demonstrates the usefulness of cellular energy allocation (CEA) evaluations as a physiological biomarker to infer the occurrence of natural stress in native populations of mussels inhabiting the stratified estuary (Krka River estuary, Croatia). Sampling sites were selected based on their differences in the salinity and temperature. The CEA value was calculated as a ratio between available energy (E a ) and energy consumption (E c ). Generally, higher values of E a were recorded in June than in November, which were especially evident in the storage components (carbohydrates and lipids), while the constitutive component (proteins) remained relatively constant. The highest E c was recorded in mussels at estuarine site compared to coastal site, which may be caused by the energetically costly maintenance of osmotic balance. Decrease in CEA recorded in estuarine mussels may ultimately result in a lower amount of energy available for growth, reproduction, or defence against other stresses (e.g. pollution).
4 energy reserves and energy consumption at a cellular level of biological organisation and to incorporate all components into a net cellular energy budget of the organism. The CEA approach has proven to be ecologically relevant as cellular effects have been linked to higher levels of biological organization (De Coen and Janssen, 2003; Smolders et al., 2004) . So far, CEA has been applied in laboratory and field studies in freshwater systems using daphnia and zebra mussel (Smolders et al., 2004) , in estuarine systems using Neomysis integer (Verslycke et al., 2004; Erk et al., 2008) , in polar marine system using Arctic benthic amphipods and bivalves (Olsen et al., 2007) and in pelagic ecosystems using transplanted M. edulis (Smolders et al., 2006) . To our knowledge, no studies on CEA as an indicator of natural stress factors have been reported so far using indigeneous mussels M. galloprovincialis in estuarine ecosystem.
Therefore, the main goal of the present study was to investigate the potential use of the CEA methodology in indigenous mussels Mytilus galloprovincialis as a research tool to study the natural stress posed by strong fluctuations in salinity occurring in the Krka River estuary.
The estuary of the karstic river Krka is a salt-wedge, highly stratified estuary, located in the central part of the eastern Adriatic coast in Croatia (Fig. 1) . It is a typical example of a stratified estuary with a fresh/brackish surface layer moving seawards and a bottom seawater layer, as counter-current, moving upward. This estuary is regarded as fairly unpolluted (Cukrov et al., 2008; Omanović et al., 2006) . The upper part of Krka River is located in the national park without any significant contamination sources. The input of terrigeneous material in Krka River is extremely low. In the upper part of the estuary, decomposing freshwater phytoplankton, which develops in Visovac Lake, situated above the waterfalls, is the main nutrient source (Cetinić et al., 2006 5 is disposed by means of the submarine outfall (the discharge is located about 3 km off the southern cape of the island Zlarin, Fig. 1 ). Consequently, from 2006 till today the water quality was greatly improved in the Šibenik harbour.
Two sampling sites were selected in this area based on their differences in abiotic factors, primarily in the salinity. Salinity/temperature (S/T) data for period from 1999 -2008 show different degree of variations at selected sampling sites (Fig. 2) . Accordingly, these sites were characterised as the coastal site with lower S/T variations (Zablaće) and the estuarine site with larger S/T variations (Martinska) (Fig. 1 ). CEA was measured according to Verslycke and Janssen (2002) with minor modifications.
The indigenous mussels (Mytilus
Protein content was measured by the method described by Bradford (1976) using bovine serum albumine as a standard. Carbohydrate content was analyzed by phenol-sulfuric acid method (Dubois et al., 1956 ) using glucose as a standard. Lipids were extracted following the method of Bligh and Dyer (1959) and lipid concentrations were calculated by reference to standards of tripalmitine in chloroform. The different energy reserve fractions (lipid, protein, carbohydrate = available energy, E a ) were transformed into energetic equivalents using their respective energy of combustion (39500 mJ/mg lipid, 24000 mJ/mg protein, 17500 mJ/mg glycogen) (Gnaiger, 1983 ). The energy consumption (E c ) was estimated by measuring the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 6 activity of the mitochondrial electron transport system (ETS) according to Owens and King (1975) . The quantity of oxygen consumed, as derived from the ETS data, was transformed into energetic equivalents using the oxyenthalpic equivalents for an average lipid, protein and carbohydrate mixture (484 kJ/mol O 2 ) (Gnaiger, 1983) .
The E a , E c and CEA value were calculated as described by Verslycke and Janssen (2002): E a (available energy) = E carbohydrate + E lipid + E protein (mJ/mg ww) E c (energy consumption) = ETS activity (mJ/mg ww/h) CEA (cellular energy allocation) = E a /E c From this, it can be evident that a decrease of CEA indicates either a reduction in available energy or higher energy expenditure, both resulting in a lower amount of energy available for growth or reproduction.
Measurements of lipid, carbohydrate and protein energy content and electron transport system (ETS) activity were performed in individual organisms. Each parameter in the individual sample was measured in replicate. The gender of mussels was determined (Jabbar and Davies, 1987) and only female mussels were analyzed.
All statistical analyses were performed with the software package SigmaStat for Windows Version 3.5. Differences in lipid, protein, carbohydrate energy contents and differences in ETS activities between sampling sites were tested using t-test. Also t-test was used to detect the differences between June and November samplings. The tests were performed at the probability level of 0.05 or the probability levels are indicated in the figures.
In this study the biochemical measurements were performed only on female mussels in order to avoid the differences between sexes. Evidences for such differences have been reported in the literature. Livingstone (1981) demonstrated that the increase in glucose-6-phosphate dehydrogenase activity that occurred in the mantle tissue during the winter months was 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 before the beginning of the gametogenesis (i.e. in the late spring until early summer), the storage components are accumulated in the digestive gland. The storage tissues of bivalves undergo seasonal variations in biochemical composition and in their cellular structure in relation to reproductive cycle. In the phase of nutrient storage the reserves are deposited in the form of triglycerides in the digestive gland (Mathieu and Lubet, 1993) . This could also be the probable cause of higher concentrations of total lipids measured in June than in November.
Nevertheless, using digestive gland in CEA analysis can have the advantage over using the whole soft tissue. Due to the high contribution of mantle tissue and its prominent variability in the biochemical composition depending on the phase in reproductive cycle, the changes in CEA caused by natural stress could be masked. It has been shown that various aspects of the relationship exist between gametogenesis and the utilization of glycogen and protein reserves in the mantle tissue of M. edulis (Bayne et al., 1982) .
Since the lipid contents give the highest contribution in energy equivalents (39500 mJ/mg), the trends of total E a , which is a sum of energy contents of carbohydrates, lipids and proteins actually reflected the trends of lipids. For E a determined in digestive glands of mussels in all studied years and seasons there were no differences between the sampling sites, with the exception in November 2008 (Fig. 3) . Total available energy (E a ) was higher in June than in November at both sampling sites, but not significantly (Fig. 3) .
Energy consumption (E c ) was significantly higher in mussels living at the estuarine site Martinska than at the coastal site Zablaće (Fig. 3) . Since Martinska was the site with high salinity fluctuations, mussels living at this site were actually exposed to more demanding environment. To help reduce the rate of associated changes in cell volume, mussels respond immediately by closing the shell. Thus, following a sudden change in salinity, physiological rates of feeding and metabolism are initially depressed (Bayne et al., 1976) . Besides, mussels are osmoconformers, which means that they maintain their internal salinity such that it is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 (A) Total energy available (E a ), (B) total energy consumption (E c ) and (C) cellular energy allocation (CEA) in digestive gland of M. galloprovincialis determined at two sampling sites in Krka River estuary (mean values and standard deviations are presented; significant differences between the sampling sites are indicated with probability levels: * p < 0.05, ** p < 0.01, *** p < 0.001). 
